Purpose Standard instrumentation tries to reproduce mechanical axes based on mechanical alignment (MA) guides. A kinematic alignment (KA) technique derives its plan from pre-operative MRI-measurements. This matched-pair cadaveric study compared the resulting postoperative alignments. Methods A prospective series of 12 torsos were acquired for a total of 24 limb specimens including intact pelvises, femoral heads, knees, and ankles.The cadavers received MRI scans to manufacture the kinematic alignment cutting guides. Two investigating surgeons performed total knee arthroplasties on randomly chosen sides using MA instruments. On the contralateral sides, KA cutting guides were used. A navigation system was used to measure final alignment. Results The overall alignment showed no significant differences between the systems. In the MA group the differences between the planned and the final implantation regarding overall limb alignment ranged between 0.2°and 6.2°. In the KA group the differences between the planned and final implantation regarding overall limb alignment ranged between 0.3°and 9.1°. The differences of the deviation from plan for overall limb alignment showed no significant differences between the methods. Conclusions The different alignment strategies resulted in variations of the combinations of the three-dimensional component position on the femur and the tibia. However, the legs were aligned within comparable range for both chosen techniques.
Introduction
Neutral axial alignment is a traditional target for total knee arthroplasty (TKA). This alignment is generally achieved by using mechanical axis (MA) guidance tools that help the surgeons to place cutting jigs in order to achieve precise cuts on the tibia and the femur that result in the desired alignment. Obviously, there is a range of error associated with the use of such extramedullary and intra-medullary guidance devices [1] . In order to reduce the range of error, navigation systems have been introduced that have been shown to narrow the margin of error, but have not lead to significantly improved clinical outcomes [2] [3] [4] [5] .
Recently, a new paradigm of jig placement has been introduced: kinematic alignment (KA). This technique requires pre-operative three-dimensional scans of the bone and cartilage surface of femur and tibia. Subsequently, patient specific three dimensionally shaped cuttings blocks can be produced for the distal femoral and proximal tibial cuts.
performed in order to compare the alignment range of the KA technique to the conventional MA technique.
Materials and methods
Twelve eviscerated torsos of fresh frozen human cadavers were acquired, resulting in 24 limb specimen with intact pelvises, femoral heads, knees and ankles. Of those cadavers, five were male and seven female. All of the cadavers were Caucasian. The average age at the time of death was 76.4 (range, 61 to 91), and their average weight was 58.4 kg (range, 38.6 to 97.5). All cadavers underwent pre-operative MRI scans in which the legs were placed in neutral position with straight knees. Prior to the MRI scan of the knee, an MRI scout was taken of all limbs. From this scout, the mechanical axis of the femur, the tibia and the overall limb alignment were measured by identifying the center of the head, the center of the distal femur, the tibial plateau and the ankle, as well as the knee joint line in the coronal plane.
Pre-operative planning and jig production
The study was designed as a matched pair study. For each cadaver torso, the left or the right knee was randomly chosen for either group 1 (conventional -MA) or group 2 (kinematic -KA). In the MA group, a standard cruciate retaining Triathlon® total knee (Stryker Orthopaedics, Mahwah, NJ) replacement with mechanical alignment guides was performed according to the manufacturer's suggested technique. These knees underwent no further pre-operative planning. The goal for axial alignment for this group was defined as 0°varus / valgus limb alignment (neutral mechanical axis). For the MA group, intra-medullary alignment was used for the femur and extra-medullary alignment for the tibia. Femoral rotation was defined by posterior referencing set to 3°o f external rotation to the posterior condyles, while rotation on the tibia was set to medial 1/3 of tibial tuberosity. For the KA group, the MRI scan was send to OtisMed (Almeda, CA, a subsidiary of Stryker Orthopaedics, Mahwah, NJ, USA). According to their internal kinematic alignment planning, which is not disclosed to the user in detail, a virtual implantation of a Triathlon® knee was performed. Customized jigs were produced according to this plan and were provided for the surgery. The plan not only set the orientation of the device, but also suggested appropriate sizes for the femoral and tibial components as well as the thickness of the polyethylene insert (see Fig. 1 ). All surgeries were performed by two of the authors (DC, GD), both of whom performed 12 surgeries on six cadavers. Neither surgeon had any experience with the KA technique prior to this investigation, but underwent instructions for its use while at the lab. The six cadavers were randomly allocated to the surgeons. All cadavers were placed on a standard operating table in supine position. Prior to surgery, all cadavers were supplied with knee and femoral tracker pins for the Stryker Knee Navigation System (Stryker Leibinger, Freiburg, Germany), running the Stryker Knee Navigation Software 4.0. A pre-operative registration procedure was performed, and pre-operative registration data was recorded for each cadaver by one of the authors (GD).
A median parapatellar approach was used for exposure. For the MA knees, the surgery was performed using an extra-medullary alignment guide for the tibia and an intra-medullary alignment guide for the femur [11] . After placement of the jigs, the distal femoral cut and the proximal tibial cut were performed. Afterwards, the navigation resection probe was used to measure the orientation of the tibial and femoral cut and the resulting overall limb alignment.
The distal femoral cuts and the proximal tibial cut for the KA knees were performed with the use of the customized jigs. Those jigs were placed on the femur and the tibia, respectively (see Fig. 2 ), according to the Triathlon® Knee System with OtisMed® ShapeMatch® technology technical manual [12] .
The orientation of the cuts was evaluated with the navigation system (Fig. 3) .
Consecutively, the procedure was continued in the same way for both groups by performing the keel preparation for the tibia and the surface cuts (4- in-1 block) for the femur. The final Triathlon implants were eventually placed with the use of Simplex™ cement (Stryker, Mahwah NJ). After final implantation, the resection probe of the navigation system was used to measure the varus /valgus orientation of the tibial as well as the femoral component.
We compared varus/valgus, tibial slope, rotation and flexion extension of the femur measured with the navigation system for the matched pairs. Additionally, we compared the varus/valgus orientation of the cuts with the pre-operative plan to calculate the deviation from the plan for both groups.
Statistical methods SPSS 17.0 (IBM, Armonk, NY) was used for the statistical analysis. P-values of 0.05 or lower were considered statistically significant. Unmodified KolmogorovSmirnov goodness-of-fit tests were used to test for the distribution of the variables. Since the left and right knees came in pairs from the same cadaver, the analysis had to be perceived as a matched pair design, which lead to the selection of non-parametric Wilcoxon ranksum tests for the method comparison. Table 1 shows the demographic data of the specimens. The pre-operatively measured varus/valgus axis of the knee compared well between the left and the right side.
Results
All specimens in the sample were Caucasians of which ten were male and 14 female.
The Kolmogorov-Smirnov goodness-of-fit tests did not return any statistically significant deviations from normal, with p-values ranging from 0.409 to 1.000 for MA and 0.094 to 0.990 for KA.
Deviation from pre-operative plan Both MA and KA methods produced comparable differences in varus(+)/valgus(−) from the pre-operative plan for femur (p00.126), tibia (p00.583) and limb alignment (p0 0.956). See Table 2 and Fig. 4 . 
Alignment
There was no statistically significant difference between the two groups in overall post-operative limb alignment concerning varus/valgus (p00.108). Table 3 The angle of the distal femoral cut was different between the MA and the KA groups, with the KA method resulting in more flexion (p00.012) and more valgus (p00.010). External/Internal rotation was found to be not significantly different (p00.338) for the femur.
No significant differences could be found for the tibia with varus/valgus resection planes (p00.530) and slope (p0 0.306) comparable in both methods (see Table 3 ).
Discussion
The goal of routinely targeting neutral alignment in TKA has been challenged. Three-dimensional reconstruction and planning in the virtual space are new technologies that will allow us to introduce new concepts for knee joint replacements. One of the obstacles in utilizing such new concepts is the problem of transferring virtual plans into the real space accurately. The shape matching technology is a promising new method of providing an easy-to-use and stable transfer mechanism. Consequently, this technology could be used to introduce new alignment concepts.
Kinematic alignment tries to take into account the patient's three-dimensional anatomy and to align the single radius femoral component to the knee's three-dimensional axis. Although the result of this alignment could coincide with the neutral limb axis, this neutral axis is not the goal and deviations from this axis have to be expected. The assumption is that, although kinematic alignment will recreate a "more natural" and "less neutral" alignment, the deviation from neutral should be within the range of commonly accepted alignment of TKA.
This cadaveric study was designed as a matched pair analysis. The cadavers we used had highly comparable knees on both sides, thus we believe that the group comparisons we made are valid. All but two measurements of spatial orientation showed no significant differences between the KA and MA groups. It was possible to reach a comparable alignment independent from the chosen alignment technology and alignment concept.
In KA, the femur is often cut in slight valgus with a compensatory varus cut of the tibia. The present study found the femur cut to be significantly different in the shape match group compared to the conventional group, with the femur being cut in slight valgus and more flexion, thus proving the hypothesis. The tibial cuts showed more varus but this difference was not statistically significant. As the direction of the difference is in the predicted direction, the authors assume that the lack of significance is a result of the small sample size and a larger number of included pairs would result in significant differences. The small sample size of 12 cadavers with 24 knees is a limitation of this study, but the number of cadavers involved is within the typical range for cadaver studies. Although matched-pair designs can achieve desirable statistical power with fewer cases, a larger sample size would be preferable, especially when one wants to generalize the findings in the study.
No major deformities were present in the sample.
To prove the underlying assumption that the kinematic shape matched group would result in better functional results was out of the scope of this study.
This study demonstrated that the pre-operative plan could be transferred well to the bone cuts in both the conventional and the shape match techniques. Both methods resulted in comparable overall limb alignment, whereas the kinematic alignment concept recreated this neutral limb alignment presumably closer to the patient's natural anatomy. Following the concept of kinematic alignment, the femur is cut in a little valgus and flexion, which was compensated by a slight varus cut on the tibia. Therefore, the kinematic alignment concept compares well with the standard technique and lies within the commonly accepted boundaries. Future studies are needed to confirm clinical benefits for patients of these findings.
